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ABSTRACT 
Bovine posterior pituitary glands were homogenized in 10 per cent sucrose and fractionated 
by differential centrifugation. The following centrifugation procedure resulted in the most 
satisfactory separation:  1000 g  for  15  minutes--nuclei, connective tissue, basement mem- 
branes with associated endothelium, giant nerve endings, and whole pituicytes; 4200 g for 
15 minutes--free nerve endings, including Herring bodies; 17,000 g for 15 minutes--mito- 
chondria; 68,000 g for 15 minutes--neurosecretory granules. Electron microscopic examina- 
tion was carried out on whole tissue and on  the isolated fractions. Isolated nerve endings 
were  examined  also  by  negative  staining  techniques.  Isolated  nerve  endings  retain  an 
apparently  normal  complement  of  mitochondria,  neurosecretory  granules,  and  micro- 
vesicles  ("synaptic" vesicles). The  free  nerve  endings  closely resemble those  observed in 
sections of intact posterior pituitary tissue. Free microvesicles were not observed in any of 
the fractions isolated and apparently sediment at centrifugal forces higher than  those em- 
ployed in this study. 
INTRODUCTION 
The neurohypophysial hormones vasopressin  and 
oxytocin, according to current concepts,  are syn- 
thesized in  neuronal cell bodies within the hypo- 
thalamus  and  are  transported  bound  to  carrier 
protein to the  axonal terminations located in the 
posterior  pituitary  gland.  Membrane-enclosed 
granules, concentrated within the nerve  termina- 
tions, constitute the stored neurosecretory product 
which  is secreted upon  appropriate physiological 
or  pharmacological  stimulation.  Previous  work 
from  this  laboratory  (15,  16)  demonstrated  that 
particles rich in vasopressin can be separated from 
those rich in oxytocin by differential and density 
gradient centrifugation  of posterior pituitary ho- 
mogenates.  Electron  microscopy of isolated, hor- 
mone-rich  granules  subsequently  confirmed  the 
assumption  that  they  are  identical  with  intra- 
axonal  neurosecretory  granules  observed  in 
sections of whole glands. Examination of the frac- 
tion  classically designated  "nuclei,  whole  cells, 
and  debris"  occasionally demonstrated  the  pres- 
ence of large nerve endings, presumably pinched 
off  during  the  process  of  homogenization.  The 
appearance of these nerve endings and their con- 
tents was very similar to that observed in sections 
of whole gland. 
Modification of our procedures for homogeniza- 
tion  and  centrifugation of bovine posterior pitui- 
179 tary  glands has  permitted  the  isolation  of nerve 
endings in  satisfactory yield  and  high  degree  of 
purity.  The  present  report  provides  a  detailed 
description  of  procedures  for  preparation  of  a 
nerve ending fraction together with electron micro- 
scopic findings on this tissue fraction and others ob- 
tained by centrifugation. 
MATERIALS  AND  METHODS 
Obtaining Glands 
Pituitary  glands  (provided  through  the  courtesy 
of  Canada  Packers  Ltd.,  St.  Boniface,  Manitoba) 
from cattle of either sex and  various ages were ob- 
tained  at  the  slaughterhouse  approximately  30 
minutes after death of the animals. In a few instances 
glands  were  removed  within  1  minute  after  the 
animals were killed. No differences were apparent in 
the  morphological  appearance  of either  tissue  sec- 
tions or isolated fractions among glands obtained  1 
and 30  minutes after death. The glands were trans- 
ported to the laboratory in  a  beaker surrounded by 
ice, the trip taking about 20 minutes. 
Homogenization  and Centrifugation 
A  single posterior pituitary lobe weighing 300  to 
500  mg  was  minced  with  a  razor  blade  and  ho- 
mogenized in  10  mi of 0.29  M (10  per cent) sucrose 
in  a  glass vessel fitted with a  Teflon pestle  (size A, 
Arthur  H.  Thomas  Co.).  Only  three  passes of the 
tissue between  the  loosely  fitting  pestle  and  the 
vessel  wall  (0.007  inch  clearance)  were  made.  Ex- 
cessive  grinding  or  the  use  of  homogenizers  with 
smaller clearances resulted in low yields of free nerve 
endings  as  determined  by  electron  microscopy. 
Homogenization  and  other  procedures  prior  to 
centrifugation  were  carried  out  with  precooled 
glassware  and  solutions  in  a  cold  room  at  4°C. 
Differential  centrifugation  was  carried  out  at  4°C 
in a Spinco Model L centrifuge with the no. 40 rotor. 
The  following centrifugation procedure permits the 
most satisfactory separation of glandular constituents 
from homogenates  : 
rpm for 15 min.  g at Rmax 
1.  Nuclei and debris  3,000  1,000 
2.  Nerve endings  6,800  4,200 
3.  Mitochondria  13,500  17,000 
4.  Neurosecretory granules  27,000  68,000 
(The classical microsomal fraction was not isolated, 
and  remained  in  the  supernatant  from  the  last 
centrifugation.)  After  the  isolation  of  "nuclei  and 
debris"  (fraction  1),  heparin  was  added  to  the 
supernatant  in  a  final  concentration  of  0.02  per 
cent.  ~ Each pellet was washed twice by being gently 
The basis for the incorporation of heparin into the 
sucrose medium has been put forth previously (16). 
resuspended  in  sucrose  medium  with  a  rubber- 
tipped glass rod and recentrifuged. 
Electron Microscopy 
Suspensions of pellets obtained from homogenates 
by  centrifugation  were  mixed  with  cold,  buffered 
osmium tetroxide (4) and kept at 4°C for 45 minutes. 
Each  suspension of  fixed  particles  was  centrifuged 
for 1,500,000  g-minutes in  1-ml plastic tubes inserted 
into adapters to  fit the no,  40  rotor,  and the super- 
natant  was  discarded.  The  fixed,  black  pellet  was 
loosened  from  the  bottom  of  the  centrifuge  tube 
with  a  spatula  and  processed like  a  block  of tissue 
in preparation for electron microscope examination. 
The orientation of the pellet was maintained after its 
removal  from  the  centrifuge  tube  so  that  sections 
could be made at several levels.  Small bits of whole 
posterior pituitary  tissue were  fixed in  the  osmium 
tetroxide medium for 3 hours.  One-millimeter cubes 
of fixed whole tissue or of pellets were washed with 
water,  stained  in  2  per  cent  uranyl  acetate  for '45 
minutes,  and  transferred  stepwise  to  70  per  cent 
alcohol, in which they were kept  at 4°C overnight. 
The cubes were dehydrated and then embedded in 
Vestopal  W.  Sections  were  prepared  with  glass 
knives on a  Porter-Blum microtome and stained with 
lead monoxide (12). Negative staining procedures for 
electron microscopy with phosphotungstic acid  (21) 
were carried out on suspensions of isolated subcellular 
fractions.  Specimens were  examined with  a  Philips 
EM 200 microscope. 
OBSERVATIONS  AND  DISCUSSION 
Whole Posterior Pituitary  Tissue 
Many of the ultrastructural  features of the bo- 
vine  neurohypophysis observed in  tissue  sections 
by electron microscopy in the present study (Figs. 
1 and 2)  have been noted previously in glands of 
other mammals, e.g.,  rat  (19),  opossum  (3),  and 
man (17). 
NERVE  ENDINGS  :  The  bulk  of the posterior 
pituitary  is  composed of swellings at  the  axonal 
terminations of non-myelinated axons whose cell 
bodies reside in the hypothalamus. The diameters 
of most nerve endings in  the bovine gland range 
from 0.7  to  2.0  /~ with a  mean of approximately 
1.3  /z.  However,  nerve  endings several micra  in 
diameter are  not uncommon. The nerve endings 
contain granules which vary widely in their con- 
tent of electron-opaque material, presumably neu- 
rosecretory substance. When dense, homogeneous 
neurosecretory material is present, it is almost al- 
ways  centrally  located  in  the  granule  and  sur- 
rounded by a  clear zone. Other granules contain 
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Nerve  endings  with  irregularly  shaped 
mitochondria  and  granules  of  varying 
density.  >( 80,500. 
FIGURE ~  Section of intact tissue. Three 
contiguous nerve endings showing varia- 
tions in the size of neurosecretory granules 
in different neurons. Staining intensity of 
granules  varies  widely.  A  peripherally 
located  mass  of  microvesicles  is  seen  in 
the uppermost nerve ending. X  4¢,500. 
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FIGURE 4.  1000 g fraction. Isolated pituicyte with filamentous cytoplasm intact.  X  6800. 
more diffusely distributed material, and still others 
appear  empty.  Sectioning through the peripheral 
clear  zone  may  account  for  the  electron-trans- 
parent appearance of at least some of the granules. 
In  addition,  there  are  pronounced  differences  in 
the  amount  of neurosecretion  from  nerve  cell  to 
nerve cell (Figs.  1 and 2)  and from gland to gland. 
Most  of the  presumed  hormone-containing gran- 
ules range in size from 90 to 250 mg in diameter, 
with  a  mean  diameter  of approximately  150  mg" 
Fig.  2  shows that the size range of granule  popu- 
lations  differs  among  neurosecretory  cells.  Scat- 
tered  among  the  neurosecretory  granules  are  ir- 
regularly  shaped  mitochondria  and  microvesicles 
similar in size  (25 to 50 m/z)  and electron opacity 
to so-called "synaptic" vesicles in neurons in brain 
and in peripheral cholinergic nerves (6,  13, 25). 
HERRING  BODIES:  The  term  "Herring  bod- 
ies"  refers to large  "hyaline"  structures originally 
observed by light microscopists. They appear to be 
FIGURE 5.  4~00 9 fraction.  A  section through the  center  of  the  pellet.  Isolated nerve 
endings containing neurosecretory granules and mitochondria.  A  few  nerve endings are 
depleted  of  neurosecretory  granules  and  contain primarily  microvesicles  (arrows).  The 
major contaminants are free mitochondria and large dense granules. )< ~0,500. 
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over-all high  electron opacity,  by their  lamellar 
bodies, and by the organized arrangement of the 
presumed neurosecretory material within the com- 
ponent granules. Although Herring bodies may be 
similar in size  to typical nerve endings, many of 
them are extremely large. We have observed what 
appears to be a walling-off of aggregates of nerve 
endings, each  ending showing  the  characteristic 
features of the Herring body. The Herring bodies 
appear to sediment during centrifugation at a rate 
similar to that of typical nerve endings (Figs.  10 to 
12). The function of these  atypical nerve endings 
is  unknown, but Bodian  (3)  has  suggested  that 
they may serve  as  stable  reservoirs of  neurohy- 
pophysial  hormone,  since  they  are  resistant  to 
stimuli which promote rapid, extensive depletion 
of neurosecretory material from  the  gland  as  a 
whole. 
PITUICYTES :  Although the function of these 
cells is unknown, they may be observed in intimate 
contact with the nerve terminations. Filamentous 
cytoplasmic  processes  frequently  penetrate  the 
neural substance of the gland and the connective 
tissue  septum  which  is  interposed  between  the 
neural  elements  and  the  capillary  lumen.  The 
processes of the pituicytes contain dense inclusions 
and masses of densely packed microtubules. 
CONNECTIVE  TISSUE--CAPILLARY  REGION : 
The nerve endings abut on connective tissue septa, 
rich in collagen fibrils, which liberated neurosecre- 
tion must apparently traverse to  enter the blood 
vessels. The irregular surface of the capillary endo- 
thelium  characterized  by  pinocytotic vesicles  is 
prominent in the bovine gland and has been noted 
previously by Palay (19) and Bodian (3) in neuro- 
hypophyses of other species. 
Centrifugation  Fractions 
NUCLEI,  CONNECTIVE  TISSUE,  WHOLE 
CELLS,  AND  ~DEBRIS ~  :  This fraction  contains 
the expected nuclei and fibrous supporting tissues 
(Fig. 3). The isolated nuclei have densely staining, 
limiting  membranes  and  distinct  nucleoli,  and 
closely resemble nuclei observed in the supporting 
and endothelial cells of whole tissue sections.  Ex- 
tensive,  practically intact  segments  of  basement 
membrane with associated  capillary endothelium 
are frequently found in this fraction. Occasionally, 
intact pituicytes (Fig.  4)  and giant nerve endings 
may be isolated in this fraction. 
NERVE  ENDINGS:  The  morphology  of  the 
isolated endings is quite similar to  that observed 
in tissue sections.  The endings retain their content 
of neurosecretory granules, microvesicles,  and ir- 
regularly shaped mitochondria (Figs. 5 to 12). The 
maintenance of internal structural integrity indi- 
cates that the swollen neuronal terminations  which 
are sheared off by homogenization are self sealing. 
Unlike nerve endings in tissue  sections,  however, 
isolated  endings frequently have  pseudopodium- 
like  extensions which  may  or  may  not  contain 
neurosecretory material.  The  lack  of free  spaces 
in the substance of the intact gland may preclude 
the  formation  of  cytoplasmic  extensions.  Free 
mitochondria are  the  major contaminant in this 
fraction,  and differential centrifugation is inade- 
quate to exclude them completely from nerve end- 
ing  preparations.  The  uppermost  part  of  the 
"nerve ending" pellet obtained by centrifugation 
is rich in mitochondria but represents only a minor 
part of the total pellet. 
In several experiments subfractionation of the 
nerve ending fraction was attempted by centrifuga- 
tion in a continuous sucrose density gradient (16). 
A single visible band resulted in all cases, indicat- 
ing that differences in density between nerve end- 
ings and contaminants (primarily mitochondria) 
are minor. Furthermore, from previous experience 
with cell fractionation techniques, one can expect 
some contamination among fractions due to agglu- 
tination of different particle types. The occurrence 
of  a  single  band  after  isopycnic  centrifugation, 
FIGURE 6.  4~00  g fraction. Negatively stained nerve ending. In this type of preparation 
the relation of electron opacity to fihn exposure is reversed from that in OsO4-fixed speci- 
mens, the  electron-opaque elements of  conventional OsO4-fixed preparations  appearing 
"unstained."  X 48,500. 
FIGURE 7.  4~00  g fraction. Negatively stained nerve endings. The size of the  granules 
varies  among  nerve  endings.  X £6,500. 
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ity of particle type. 
MITOCHONDRIA:  Free mitochondria are  de- 
rived from  pituicytes, other supporting cells,  and 
endothelial cells,  and from  neurons as  well.  Iso- 
lated mitochondria are,  in all instances, spherical 
in shape (Fig. 13).. Although free mitochondria are 
apparently swollen to  some extent,  their internal 
structure is retained,  as evidenced by the distinct 
cristae.  Relatively small nerve  endings  are  con- 
centrated as a thin layer in the extreme lower part 
of the "mitochondria" pellet• 
NEUROSECIRETORY  GRANULES  :  The neuro- 
secretory granules can be prepared in highly puri- 
fied form by differential centrifugation (Fig.  14). 
However,  a  previous study in this laboratory (16) 
demonstrated  that  even  higher  purity  can  be 
achieved by employing, in addition, density gradi- 
ent centrifugation techniques. Small mitochondria 
contaminate this fraction and constitute a layer at 
the bottom of the pellet. As with granules in nerve 
endings in tissue sections or in endings isolated by 
centrifugation, free  granules vary  in staining in- 
tensity and  some  appear  to  be devoid  of neuro- 
secretory  material.  However,  the  intraaxonal 
granules  are  not  necessarily  all  neurosecretory 
granules  in  various  stages  of  depletion.  For 
example, although the presence of lysosomes in the 
posterior lobe has been demonstrated in this labo- 
ratory on the basis of the subcellular distribution of 
enzymes  (16),  morphological  characterization  of 
these organelles has not been accomplished in this 
tissue. 
General Discussion 
Ishii et  al.  (10)  claimed to  have  isolated  nerve 
endings from bovine posterior pituitary; however, 
their report is deficient in morphological or other 
types of evidence to  support the claim. Morpho- 
logical  examination  of  subcdlular  fractions  ob- 
tained  from  neurohypophyses of rabbits  by cen- 
trifugation has been carried out by Barer et al.  (2). 
These workers presented electron micrographs of a 
fraction showing isolated  neurosecretory granules 
in high purity and a "mitochondrial" fraction con- 
taining occasional structures which  appear  to  be 
pinched-off nerve endings. Their observation that 
the  distributions  of  vasopressin  and  oxytocin 
among the isolated fractions differ agrees with our 
previous  findings  on  bovine  pituitary  (15,  16) ; 
however,  oxytocin  is  apparently  associated  with 
heavier  granules  from  rabbit  neurohypophysis, 
whereas  vasopressin is  more  concentrated  in  the 
heavier and oxytocin in the lighter granules from 
bovine glands. In the present investigation a  pro- 
cedure has been devised for isolating nerve endings 
reproducibly in  satisfactory  yield  and with  little 
contamination by  other  cellular  structures.  The 
morphology of the isolated nerve endings, as seen 
by electron microscopy, is very similar to  that of 
nerve endings in tissue sections, indicating that the 
isolated material may be suitable for biochemical- 
hormonal  studies.  The  distribution  among  cen- 
trifugation  fractions  of  lactic  dehydrogenase,  an 
indicator of "trapped"  cytoplasm (nerve endings) 
(11), agrees with our morphological findings; that 
is,  among  the  particulate  fractions  the  enzyme 
is most highly concentrated in that isolated at 4200 
g.  Biochemical-hormonal characterization  of  the 
isolated nerve endings is being carried out, and our 
findings will be published later. 
The  isolation of nerve endings from  brain ho- 
mogenates  by  centrifugation  has  been  reported 
primarily from the laboratories of De Robertis (5, 
6, 22, 24, 26) and Whittaker (8,  11,  18, 25). Mito- 
chondria and much smaller structures, "synaptic" 
vesicles, appear to be the only particulate constitu- 
ents of nerve endings from brain. Evidence is ac- 
cumulating that the microvesicles present in brain 
cells are analogous to those which are believed to 
store the neurohumoral mediator acetylcholine in 
peripheral cholinergic nerves.  The  neurohypoph- 
ysial  axonal  terminations in  the  posterior  pitui- 
tary contain, in addition to  neurosecretory gran- 
ules,  minute  vesicular  structures  which  are 
generally presumed to be analogous to the "synap- 
FIoua~. 8.  4~00 g fraction. Negatively stained nerve endings. One of the endings has 
prominent cytoplasmie proeesses.  X 84,000. 
FIGURE 9.  4~00 g fraction. Negatively stained nerve endings. A mass of microvesicles is 
present at the periphery within the larger ending (arrow).  X 80,000. 
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cholinergic  neurons.  Free  microvesicles were  not 
present  in  any  of our  fractions  but  were  evident 
within  isolated  nerve  endings.  Centrifugal  forces 
higher  than  those  employed  in  the  present  study 
are  probably  required  to  cause  sedimentation  of 
these minute organelles,  as indicated  by the work 
of De  Robertis  (6)  and  Whittaker  (25)  on  brain 
homogenates.  Palay  (19)  has  reported  that  dehy- 
dration in the rat results in a loss of neurosecretory 
granules  from  neurohypophysial  nerve  endings 
and  a  concomitant increase in the number  of mi- 
crovesicles. Holmes and Knowles (9),  on the basis 
of observations on neurosecretory cells in inverte- 
brates,  have  suggested  that  the  microvesicles ob- 
served  in  the  neurohypophysis  may  be  derived 
from the neurosecretory granules during the proc- 
ess of secretion of hormone from the nerve endings. 
Our  observations  on  tissue  sections  support  their 
hypothesis. We have noted that nerve endings de- 
pleted  of neurosecretory  granules  contain  micro- 
vesicles only,  and  that  material  within  the extra- 
axonal  space  adjacent  to  these  endings  is  largely 
microvesicular in nature.  Frequently,  intraaxonal 
microvesicles form  aggregates  which  are  located 
peripherally,  adjacent to the neuronal membrane, 
and  in  still other  nerve endings  these  aggregates 
appear  to  be  in  the  process  of  being  extruded. 
Bodian  (3) has presented micrographs of the opos- 
sum neurohypophysis  which  show depleted  nerve 
endings,  identical  in  appearance  with  those  de- 
scribed  in  the  present  report,  observed  after  the 
administration  of hypertonic urea to the animals. 
The nature of the ultimate stimulus for hormone 
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FIGURE 13.  17,000 g  fraction.  Section  through  the  center  of  a  pellet.  Predominantly 
mitochondria. >( ~0,000. 
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